
 
 
 
 
 

INTERACTIONS BETWEEN METAL SURFACES 
AND SULFUR-CONTAINING AMINO ACIDS 

 
 
 
 
 
 
 
 

A Thesis Submitted to 
the Graduate School of Engineering and Sciences of 

İzmir Institute of Technology 
in Partial Fulfillment of the Requirements for the Degree of 

 
MASTER OF SCIENCE 

 
in Physics 

 
 
 
 

by 
Mustafa Çevlikli 

 
 
 
 
 
 

July 2022 
İZMİR 

 

 



 

ACKNOWLEGMENTS 

 

 

I would like to thank my supervisor Asst. Prof. Dr. Evren ATAMAN for all of his 

contribution, guidance and support. 

Also, I would like to thank Asst. Prof. Dr. Emre SARI and Prof. Dr. Lütfi 

ÖZYÜZER for opening their labs for our study. 

I want to thank Res. Asst. Metin TAN for his assistance at laboratory. Also, I want 

to thank my friend Simon KARABULUT. 

This study has been accepted and supported by BAP program as Project: 

2021İYTE-1-0099. I want to thank IYTE-BAP committee for their support. 

I am thankful to the committee members Asst. Prof. Dr. Günnur GÜLER and Asst. 

Prof. Dr. Fatma Pınar Gördesli DUATEPE. 

 



iii 

ABSTRACT 

 
INTERACTIONS BETWEEN METAL SURFACES AND SULFUR-

CONTAINING AMINO ACIDS 

 
With Covid-19 pandemic, the scientific studies over viruses gained a big 

acceleration. Some of these studies show that SARS-CoV-2 can infect through direct 

ways from a patient.  Besides that, surfaces that are contaminated from adsorption of the 

virus can indirectly infect a person. Because of this, the studies on the interaction between 

viruses and environment is an important field on virus studies. 

Spike proteins which project out from protective structure called lipid bilayer and 

they are outmost elements of SARS-CoV-2 viruses. Spike proteins play a vital role on 

functions like viral entry to the host cell and attachment to the surfaces. Purpose of this 

study is to contribute to the existing knowledge about surface interaction of these proteins 

which have an important role on virus-surface interactions. Because of the complicated 

physical and chemical form of proteins, in this study, the interaction of amino acids, 

which are building block of proteins, with metal surfaces are investigated. 

0.01M, 0.02M and 0.05M L-cysteine and L-methionine aqueous solution was 

dropped to the metals frequently used in daily life, chrome (Cr) and iron (Fe) 

polycrystalline substrates and left to dry out at room temperature and under atmospheric 

conditions. Since the water solubility of L-cystine is low, only a saturated solution of L-

cystine was prepared and same process was applied. After, dried out samples were 

analyzed with x-ray photoelectron spectroscopy (XPS). 

Functional sulfur groups on L-cysteine/Cr, L-methionine/Cr and L-Methionine/Fe 

system stayed intact. On the other hand, sulfur atoms on L-Cysteine/Fe system oxidized 

and formed  species. While all other systems behaved oppositely, the amount of 

protonated functional amino species ( ) on L-methionine/Fe system decreased 

relative to functional amino group ( ) with increase in coverage. Due to surface 

amino acid interaction of L-methionine in different substrates, binding energy of sulfur 

on iron was measured 1 eV lower than on chromium. In L-cystine/Cr system, while 

disulfide bonds stayed intact,  and  functional groups were observed on the 

surface together. 
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ÖZET 
 

SÜLFÜR İÇEREN AMİNO ASİTLERİN METAL YÜZEYLERLE 

ETKİLEŞİMLERİ 
 

COVID-19 pandemisiyle birlikte virüsler hakkında yapılan bilimsel araştırmalar 

büyük bir hız kazandı. SARS-CoV-2 temelde hava yoluyla bulaşan bir virüstür fakat 

yapılan bazı çalışmalar virüslerin yüzeylere tutunup belirli bir zaman aralığında bu 

yüzeylere temas eden kişilere de bulaşabilme ihtimalinin olduğunu ortaya koymuştur. Bu 

nedenle virüslerin yüzeylerle etkileşimlerinin incelenmesi bu araştırmalar içerisinde 

önemli bir alan olarak karşımıza çıkmaktadır. 

Diken proteinler SARS-CoV-2 virüsünün dış çeperinde bulunan koruyucu lipit 

zarına bağlı ve diken gibi dışarı doğru çıkan yapılardır. Virüslerin konak hücreye girmesi 

ve farklı yüzeylere tutunması gibi süreçlerde diken proteinler birinci derecede rol 

üstlenmektedir. Bu çalışmanın amacı, virüs-yüzey etkileşimlerinde kilit rol oynayan bu 

proteinlerin yüzeylerle etkileşimleri konusunda var olan bilgi birikimine katkı 

sağlamaktır. Proteinlerin karmaşık fiziksel ve kimyasal yapılarından dolayı, bu 

çalışmada, proteinlerin yapıtaşları olan amino asitlerin, metal yüzeylerle etkileşimleri 

incelenmiştir. 

Günlük hayatta sıkça kullanılan metallerden krom (Cr) ve demirin (Fe) polikristal 

alt taşları üzerine 0.01 M, 0.02 M ve 0.05 M derişimlerinde L-sistein ve L-metiyonin sulu 

çözeltileri damlatılıp, oda sıcaklığında ve atmosferik ortamda kurumaya bırakıldı. 

Çözünürlüğü daha düşük olan L-sistin bileşiği ile sadece doymuş bir çözelti hazırlanarak 

aynı işlemler yapıldı. Çözeltiler kuruduktan sonra örnekler aşırı yüksek vakum (UHV) 

sistemine konuldu ve x-ışını fotoelektron spektroskopisi (XPS) yöntemi ile analiz edildi. 

L-sistein/Cr, L-metiyonin/Cr ve L-metiyonin/Fe sistemlerinde moleküllerde 

bulunan sülfür içeren fonksiyonel gruplar bozulmazken, L-sistein/Fe sisteminde  

türünde sülfür gözlemlendi. Diğer sistemler tam tersi davranış sergilerken, L-

metiyonin/Fe sisteminde proton kazanmış amino fonksiyonel grubunun ( ) 

miktarının yüzeydeki molekül miktarıyla birlikte amino grubuna ( ) göre azaldığı 

gözlendi. L-metiyonindeki sülfür atomunun yüzey etkileşimleri sebebiyle Fe alt taşta, 

Cr’ye göre 1 eV daha düşük bağlanma enerjisi ölçüldü. L-sistin/Cr sisteminde disülfür 

bağları korunurken, yüzeyde  ve  fonksiyonel grupları birlikte gözlemlendi. 
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CHAPTER 1 

 

INTRODUCTION 

 
After Covid-19 is defined as a pandemic1, viruses became a hot topic worldwide. 

The tiny infectious agents, viruses, can only be reproductive if they infect a host cell.2 

Viruses own a nucleic acid protected by a protein-made exterior surface called capsid or 

nucleocapsid.3 Some viruses, such as influenza, have an extra protective structure called 

envelope (a lipid-bilayer) and this kind of viruses is called enveloped viruses. Enveloped 

viruses can have a structure called spike protein that is projecting out from the envelope 

of the virion.4 

The size of viruses can vary from 20 nm to 500 nm in diameter. However, the 

more common size for a virion is about 50 nm to 100 nm.5 Viruses can also vary in shape. 

Helical or rod shape viruses, polyhedral viruses, spherical viruses and complex viruses 

are the main geometrical formations. Another important property of viruses is the genetic 

material of the virion. Depending on the genetic material they carry, viruses can be 

separated into two branches; DNA viruses and RNA viruses. 

Viruses are responsible for 60% of all infections of humans.6 This shows how 

important it is to understand the spreading mechanism of viruses. Disease transmission 

can occur in direct or indirect ways.7 While direct transmission happens via physical 

contact or droplet spread, indirect transmission is the transfer of microorganism through 

objects. An example of indirect transmission is contacting a surface which is 

contaminated by an infected person. 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is the virus 

which started the pandemic in 2019.8 Studies on SARS-CoV-2 show that the virus can 

live on plastic and stainless steel surfaces for 3 days, on copper for 4 hours, and on 

cardboard for 1 day.8 Even though there are objections to the infectibility of viruses from 

surfaces to humans,9 it is an important issue to understand virus-surface interactions. 

While we have a lot of information gap about the infectibility of SARS-CoV-2 virus 

transmitted through indirect ways10, pandemic days showed that virus surface interaction 

can have a significant effect even in our daily routines. 
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Figure 1.1. Structure of Coronavirus 

 

In Figure 1.1 the structural elements of coronavirus are shown. Coronaviruses are 

RNA viruses that have a virion about 125 nm in diameter.11 The SARS-CoV-2 virus is an 

enveloped virus that has spike proteins which are formed by 1273 amino acids.12 

Membrane of coronavirus has three different proteins which are the envelope protein (E), 

the membrane protein (M) and the spike protein (S). Spike protein gives SARS-CoV-2 

the talent of binding host cells. 13. Besides binding to cells, as the spike protein is the 

outmost element of the virus, its structural features provide great importance for 

understanding virus-surface interactions.14  

For coronavirus, spike proteins are responsible for the first interaction of virion 

with the outer world. Attachment to the surfaces and viral entry to the host cell depend 

on the virion’s spike protein structure. Not only for coronavirus but for every enveloped 

virion that is investigated, the protein is responsible for the first interactions of the virus 

and outer world like adsorption on the surface or entrance to the cell.15 

Amino acids are one of the most basic biomolecules and they play a role as the 

elementary unit to build organic structures like proteins.16 Even though there are over 140 

amino acids in protein structure in nature, most of them are the modification of 20 

canonical amino acids.17 For this reason understanding amino acid-surface interaction can 

be an important step to understanding virus-surface interactions. As an essential amino 

acid, L-methionine must be taken through dietary way. However, L-cysteine is produced 

from L-methionine by a metabolic process.18 Beside their metabolic importance these two 
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amino acids also have significant roles in protein structure. L-methionine is the protein 

construction starter amino acid for eukaryotic cells. Also, as one of the most hydrophobic 

amino acid, L-methionine is usually found in the core of spherical proteins, and the 

transmembrane protein in which it interacts with phospholipid bilayer. On the other hand, 

L-cysteine has significant importance because of its capability of forming disulfide (

) bonds without the help of enzymes. With this property L-cysteine forms inter and 

intra disulfide bonds in the proteins and plays a vital role in protein folding mechanism.19 

Even though their importance, spike proteins are very complicated biological 

structures to study with x-ray photoelectron spectroscopy (XPS). Therefore, in this thesis, 

we investigated adsorption of sulfur containing amino acids to model protein-surface 

interactions. The XPS results for the adsorption of three sulfur containing amino acids, 

L-methionine, L-cysteine and L-cystine, on two metallic surfaces which are widely used 

in our daily lives, chromium and iron, are shown. Spectral changes depending on 

coverage are investigated on both substrates and molecules. In total, 12 different solution-

substrate combinations have been studied to understand the adsorption process of sulfur-

containing amino acids to widely used metallic surfaces. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

2.1 X-ray Photoelectron Spectroscopy (XPS) 

 
In this section history and principle of XPS, experimental setup used in this 

study and details of experiment is discussed.  

 

2.1.1 A Brief History of XPS 

 
When a material is irradiated with an electromagnetic radiation with proper 

energy, it emits electrons. These electrons are called photoelectrons and this phenomenon 

is called photoelectric effect. Photoelectric effect was first observed by Heinrich Rudolf 

Hertz experimentally in 1887.20 However, the theoretical explanation stayed as a mystery 

for almost two decades. German physicist Philipp Eduard Anton von Lenard showed the 

relationship between the energy of electrons and the frequency of the light. After Philipp 

Lenard, in 1905, Albert Einstein explained the photoelectric effect and won the Nobel 

Prize in physics in 1921.  

In 1914, Robinson and Rawlinson published the paper “The magnetic spectrum 

of the β rays excited in metals by soft x-rays”. As seen in the Figure 2.1 soft x-rays are 

between ultraviolet light and hard x-rays. This was the first-time observation of 

photoemission by x-ray photons. Steinhardt and Serfass made the first application of this 

phenomenon.21 Finally, by the studies of Kai M. Siegbahn, modern spectroscopy 

technique has been developed. Kai M. Siegbahn was honored with the Nobel Prize in 

physics in 1981 for his contributions to high-resolution electron spectroscopy. 
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Figure 2.1. Electromagnetic spectrum 

 

2.1.2 Principles of XPS 

 
X-ray photoelectron spectroscopy is a semiquantitative spectroscopic technique 

that is surface sensitive and based on photoelectric effect. In XPS soft x-rays are used to 

excite the electrons of the sample. When the excited electrons leave the sample, the 

analyzer of XPS instrument measures the kinetic energy of emitted electrons20 and this 

provides the information of binding energies. The mathematical expression for this 

process is given in Eq. 2.1 

 
   (Eq. 2. 1) 

 
 

In the Eq. 2.1,  is the energy of x-ray photons,  stands for the 

binding and  stands for the kinetic energy of the electron and the  is the work 

function of the spectrometer. Work function is the minimum amount of energy that is 

needed to remove an electron from the surface of a solid material in vacuum.22 

Electrons in an atom are attracted to the nucleus. This attraction creates the 

binding energy of an electron. To break this bond, electrons need to be stimulated with 

an energy higher than the binding energy. This stimulation can be created by photons. 

The x-ray source in an XPS instrument is the part that generates x-ray photons. 

The energy of x-ray photons depends on the material of the x-ray source. The most 

commonly used x-ray sources for laboratory-based XPS devices are aluminum and 

magnesium.23 Corresponding photon energy for aluminum source is 1487 eV and for 

magnesium is 1254 eV. Some other x-ray sources are titanium and chromium with a 

photon energy of 4510 eV and 5417 eV, respectively. As an example, when an x-ray 

photon with 1487 eV energy hits an electron with 250 eV binding energy, it roughly gains 

a kinetic energy of 1237 eV.  
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Although the soft x-rays can penetrate, in average, a few micrometers deep, XPS 

technique can only collect data from roughly the first 10 nm of the sample.20 That is why 

it is called a surface sensitive technique. There are four commonly used concepts to 

express the surface sensitivity.24 The inelastic mean free path (IMFP) is defined as the 

distance an electron can travel without an elastic collision. As an example, the inelastic 

mean free path for an electron with 1500 eV kinetic energy is around 20 angstrom in Cu.25 

The effective attenuation length (EAL) differs from the inelastic mean free path by taking 

account of inelastic collisions as well. The mean escape depth (MED) is the mean 

deepness that a photoelectron can escape from the surface, and the information depth (ID) 

is the deepest point we can get meaningful information. 

When an electron is excited, it has a certain probability to leave the material 

surface without losing any kinetic energy. Once the electrons leave the surface of the 

sample, their kinetic energy is measured by a hemispherical electron energy analyzer. 

Hemispherical electron energy analyzer is a device that has two concentric hemispheres 

with a voltage difference. This way it bends the trajectory of the electron depending on 

its kinetic energy. Once kinetic energy of the electron is measured, difference between 

photon energy and kinetic energy gives us the binding energy. 

 

 
Figure 2.2. Basic Principle of XPS26 
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In the Figure 2.2 basic physical principle of XPS is shown. X-ray photons are 

absorbed by electrons, and they gain a kinetic energy. By measuring their kinetic energy, 

we can infer the binding energy of the electron. Different orbitals have different binding 

energies and XPS has the ability to detect which electrons are coming from what orbital. 

 

2.1.3 Determination of Elemental Composition 
 

XPS can determine what elements comprise a sample’s surface except hydrogen 

and helium. Atom’s core structure and its electron organization change the spectral 

properties of the elements. Therefore, every element has its own characteristic footprint 

on XPS spectra. This mechanism provides enough information to understand which 

elements are present in the sample’s surface. Figure 2.3 shows an example of XPS 

spectrum that we have measured for L-cystine molecules adsorbed on Cr substrate. 

 

- 

Figure 2.3. Survey spectra of L-cystine on chromium sample 

 

2.1.4 Determination of Chemical Environment 

 
The data that XPS provides not only gives information about the elemental 

composition but also gives information about the chemical environment that the elements 
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exist in. In the following tables there are some examples from literature for binding energy 

interval of carbon and oxygen in different chemical environments.27 

 

Table 2.1. Some examples of C1s binding energies with different surrounding atoms. 
 

Chemical State C 1s Binding Energy (eV) 
 284.2 – 285.0 

 285.5 – 288.4 

 288.0 – 289.2 

 285.4 – 287.4 
 

Table 2.2. Some examples of O1s binding energy with different surrounding atoms. 
 

Chemical State O 1s Binding Energy (eV) 
 528.1 – 531.0 

 529.6 – 530.2 

 532.6 – 533.4 

 532.8 – 533.8 
 

As seen in the Table 2.1 and Table 2.2 neighboring atoms have an impact on 

binding energy. The reason of that is they create an electric potential around the electron 

one can observe in XPS. Changes in potential affect the kinetic energy of the electrons 

measured, and they are observed as different peaks ın a spectrum. Another important 

phenomenon that has an impact on binding energy is oxidation states. The following table 

shows the binding energy of iron which is changing with the oxidation state shown as an 

example.28 

 

Table 2.3. Some examples of binding energy of Fe with different oxidation states. 
 

Chemical State Binding Energy (eV) 
 706.7 

 709.6 

 710.7 
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2.1.5 Quantification 

 
It is not possible to obtain absolute amounts, but XPS technique can give 

information of relative amounts of atoms in a samples surface. Besides determination of 

the atomic concentration, XPS data also gives information about relative concentration 

of different chemical environment of the atom. In the Table 2.4 the atomic concentration 

of glutamic acid ( ) is given.16  

 

Table 2.4. Atomic Concentration of Glutamic Acid 
 

Energy Levels 
Atomic 

Concentration Chemical Bonds 
C 1s (1) 20.1%  

C 1s (2) 12.4%  

C 1s (3) 20.1%  

O 1s (1) 27.2%  

O 1s (2) 10.4%  

N 1s (1) 9.8%  

 

One of the most challenging part for an XPS data analysis is the curve fitting. The 

aim of curve fitting is not to find out the best representation of spectra but to find out 

physical and chemical states of the material.29 This process requires experience in both 

XPS and the material under consideration. Same XPS spectra can be represented by 

different number of components and all of them can be mathematically meaningful while 

physically different. One of good indicators to test a fitted curve is full width at half 

maximum (FWHM). FWHM is the wideness of the curve at half of the maximum 

intensity. While the broad peaks have higher FWHM values they can have numerous 

contributors, the narrow peaks have lower FWHM values and indicate a more 

homogeneous sample. Also, any change in sample can cause an increase in the FWHM 

value. For example, beam damage can move the peaks and that causes the peak to widen.  

XPS requires vacuum condition and there are two reasons for that.30 First one is 

the increasing the mean free path of the photoelectrons. In vacuum environment the risk 

of collision between photoelectrons and residual gas atoms is decreased that may cause 

possible signal losses. The second and more important reason of vacuum requirement is 
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the surface sensitivity of the technique. In XPS the photoelectrons measured come from 

the top first couple of atomic layers. That is why, surface contamination changes XPS 

data drastically. High vacuum condition helps preventing surface contamination. 

 

2.2 Experimental Details 

 
XPS measurements were performed using a commercial instrument from SPECS 

GmbH. A schematic drawing of the equipment is given in the Figure 2.4. 

 

 
Figure 2.4. Schematic drawing of XPS instrument 

 

The instrument is equipped with a XR50 aluminum/magnesium dual anode x-ray 

source. Aluminum anode with 1486.6 eV photon energy was used for our measurements. 

X-ray photons were not monochromatized. The instrument has a hemispherical electron 

analyzer, PHOIBOS 150 and a 2D CCD detector. A photo of the instrument used in the 

experiment is shown in Figure 2.5. 
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Figure 2.5. XPS equipment used in experiment  

 

Our XPS instrument has two chambers which are an analysis chamber and a load 

lock. These two chambers are separated by a gate valve. The load lock is pumped by a 

scroll and a turbo molecular pump. Base pressure at load lock was . In 

the analysis chamber, there are four pumps: a scroll pump, a turbo molecular pump, an 

ion pump and a titanium sublimation pump. The base pressure of the analysis chamber 

was . 

Samples are taped to a molybdenum sample holder with double sides carbon 

adhesive tape and placed to the load lock. Then, they are transferred to the sample 

manipulator in analysis chamber for analysis. 

Sulfur containing amino acids; L-methionine ( ) with a minimum 98% 

purity, L-cysteine ( ) with a minimum 97% purity and L-cystine 

( ) with a minimum 98% purity were purchased from Merck Inc. Molecular 

structure of amino acids are given in Figure 2.6. 
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Figure 2.6. 2D Structure of L-cysteine, L-cystine and L-methionine 

 

The polycrystalline chrome and iron substrates were bought from Kurt J. Lesker 

Co., Ltd. The iron substrate has 99.9% purity, and the chrome substrate has 99.95% 

purity. Disk shaped substrates were 2.54 cm in diameter and 5 mm thick. 

The first measurements of the substrates were conducted as received without any 

cleaning process. The survey spectra of substrates are displayed as black curves in Figure 

2.7 and 2.8. Some adventitious carbon and oxide layers were observed on both metal 

substrates but we did not observe any other contamination in our samples. Because our 

plan was to conduct all of our molecule deposition procedures ex situ, we did not try to 

remove this adventitious carbon or oxide layer. However, we have tried to see the effect 

of our cleaning recipe (explained below) on the substrates. For this purpose, we have 

applied our cleaning recipe on pristine substrates and we did not observe any significant 

effect on the amount of carbon and oxygen contamination as seen in the Figure 2.7 and 

2.8 as red curves. 
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Figure 2.7. As received and propanol treated survey spectra of chromium substrates 

 

 
Figure 2.8. As received, propanol treated and after cleaning spectra of iron substrates 

 

Three different concentrations of each amino acid were prepared with distilled 

water. The solutions of L-methionine, L-cysteine and L-cystine with the concentration of 

0.01 M, 0.02 M, 0.05 M were prepared by using a scale with 0.1 mg precision. However, 

since the water solubility of L-cystine is too low, suspension and precipitation in the 

solution were observed in a short time after the solution was prepared. For this reason, a 

specific concentration of L-cystine solution was not used in this study. Instead, a saturated 
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concentration of L-cystine solution was used. All solutions were stored at 20 oC 

temperature and under atmospheric pressure in a tightly sealed amber glass bottle.  

Five-six drops of solutions were dropped with a Pasteur pipette onto substrates. A 

protective plastic cover with ventilation holes was put over to the sample and the sample 

was left to dry out at 20 °C in atmospheric conditions. Since drops were drying slowly, 

we expected that concentration of solutions to change during the process. However, in 

the end, there were three different residuals with different concentrations to compare with 

each other. 

Between measurements for different concentrations, the substrates were rinsed 

with distilled water and propanol. Followed by a 10 minutes of ultrasonication in distilled 

water and finally rinsed with water and propanol one more time. Then substrates left 

drying for couple of hours inside a plastic cover with ventilation holes. We have checked 

the efficiency of our cleaning recipe with XPS. We measured a sample after cleaning 

process and we observed no N 1s or S 2p signal and adventitious carbon and oxygen 

levels were similar. An example of cleaned sample is shown as blue curve in the Figure 

2.8. 

When 0.05 M L-cysteine and saturated L-cystine solutions were dropped to Fe 

substrate, a red-purple layer was formed on the surface after the drying process. For this 

reason, the 0.05 M L-cysteine/Fe and L-cysteine/Fe combinations were excluded. In total, 

12 different solution-substrate combinations were studied.  

It was observed that some beam damage affected the samples for the first couple 

of minutes. To eliminate this effect, the first couple of sweeps were not taken into account 

during the analysis.  
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1 Results 

 
In Figures 3.1–3.4, N 1s and S 2p XP spectra for the three amino acids on the two 

substrates are shown for different concentrations of droplets. Every spectrum has its tag 

on top left corner. Black color corresponds to 0.01 M concentration, red color to 0.02 M 

concentration and blue color to 0.05 M concentration measurements except for the L-

cystine/Cr system where the blue color stands for the saturated solution. 

A Shirley-type background is used for fitting S 2p spectra. However, for some of 

the N 1s spectra intensity at the high binding energy side was lower than the intensity at 

the low binding energy side, therefore, we used a linear background for fitting N 1s 

spectra. All of our XPS measurements were calibrated to adventitious carbon ( ) 

peak at 285.0 eV. A Voight line shape is used for fitting different components. Pass 

energy of the analyzer is set to 50 eV for S 2p and N 1s measurements and to 30 eV for 

all other measurements. 

We adopted the following procedure for fitting the spectra. For a particular 

molecule-substrate system we used the spectrum with the highest signal-to-noise ratio as 

a reference. After fitting this spectrum without any constrains we used the resulting 

FWMH value for all other components for the same molecule-substrate system. For the 

S 2p spectra we fixed the binding energy of the 2p1/2 level, 1.2 eV higher than the binding 

energy of the 2p3/2 and intensity of the 2p1/2 level to half of the intensity of 2p3/2. In this 

thesis we always refer to 2p3/2 level when we discuss S 2p spectra. 

 

3.1.1 L-cysteine on Chromium 
 

N 1s and S 2p XP spectra for L-cysteine/Cr system are shown in Figure 3.1. The 

binding energy, FWHM and relative intensity values for different components are given 

in Table 3.1. 
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In N 1s spectra two components were observed for all concentrations. The low 

binding energy component was named as N1 and high binding energy component was 

named as N2. Even though the binding energy of both components did not change for the 

0.01 M and 0.02 M preparations, both peaks moved to ~0.5 eV higher binding energy for 

0.05 M concentration. The relative intensity of the N2 component started with 70.8% for 

0.01 M solution and increased with concentration. For the 0.05 M solution, it reached the 

value of 88.7%. 

Only one S 2p doublet was observed in the system (named as S1) for all 

concentrations. Similar to N 1s, the positions of the doublet did not show a notable change 

for 0.01 M and 0.02 M concentrations. However, for 0.05 M solution, the peak moved 

~0.5 eV toward higher binding energy. 

 

 

Figure 3.1. 

 

High resolution N 1s and S 2p XP spectra of L-cysteine/Cr. Dots represent 
the measured data and lines show the results of the fitting and individual 
components. 
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Table 3.1. Spectral features of L-cysteine on chromium surface 
 

L-cysteine/Cr N1s 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) S 2p3/2 

Binding 
energy 
(eV)) 

FWHM 
(eV) 

Area 
(%) 

0.01M 
N1 400.1 2.1 29.2 S1 164.4 2.1 66.7 

N2 402.3 2.1 70.8     

0.02M 
N1 400.1 2.1 24.4 S1 164.6 2.1 66.7 

N2 402.4 2.1 75.6     

0.05M 
N1 400.5 2.1 11.3 S1 165.1 2.1 66.7 

N2 402.9 2.1 88.7     

 

3.1.2 L-cysteine on Iron 

 
L-cysteine/Fe experiments were only performed for 0.01 M and 0.02 M 

concentration values. When 0.05 M solution was dropped on to the iron substrate, it 

formed a thick red-purple layer. We performed an XPS measurement for this system and 

results showed a thick layer consisting of Fe, S and O. Therefore, we excluded this 

concentration from our experiments. The N 1s and S 2p spectra of L-cysteine/Fe system 

are given in Figure 3.2. The binding energy, FWHM and relative intensity values for 

different components are given in Table 3.2. 

The N 1s components have similar binding energy values compared with L-

cysteine/Cr system. However, on iron, N1 component is higher in intensity and decreases 

with increasing coverage. N1 peak positions did not show a significant difference with 

concentration for N 1s region. However, N2 peak shifted to higher binding energy by 

~0.4 eV. 

On the other hand, sulfur had a unique change compared to other systems 

investigated in this study. For 0.01 M solution we observed only one doublet (S1). But 

when concentration was increased 0.02 M, a second component (S2) with a binding 

energy of 166.0 eV emerged. S2 component holds the 14.8% concentration of all sulfurs 

in the system. 
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Figure 3.2. High resolution N 1s and S 2p XP spectra of L-cysteine/Fe. Dots represent 

the measured data and lines show the results of the fitting and individual 
components. 

 

Table 3.2. Spectral features of L-cysteine on iron surface 
 

L-cysteine/Fe N 1s 

Binding 
energy 
(eV)) 

FWHM 
(eV) 

Area 
(%) S 2p3/2 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) 

0.01M 
N1 400.0 2.2 70.4 S1 163.9 2.2 66.7 

N2 402.2 2.2 29.6     

0.02M 
N1 400.0 2.2 67.2 S1 163.9 2.2 56.8 

N2 402.6 2.2 32.8 S2 166.0 2.2 9.9 
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3.1.3 L-methionine on Chromium 

 
L-methionine/Cr XP spectra for N 1s and S 2p are given in Figure 3.3. The binding 

energy, FWHM and relative intensity values for different components are given in Table 

3.3. 

N1 and N2 components in N 1s spectrum of L-methionine/Cr system did not show 

a considerable change in binding energy. On the other hand, ratio of the peaks changed 

with concentration. With denser solution N2 peak gets more dominant. Same thing is true 

for the S 2p region. The binding energy of the S1 component do not show a considerable 

change with increasing coverage. 

 

 
Figure 3.3.  High resolution N 1s and S 2p XP spectra of L-methionine/Cr. Dots 

represent the measured data and lines show the results of the fitting and 
individual components. 
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Table 3.3. Spectral features of L-methionine on chromium surface 
 

L-methionine/Cr N 1s 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) S 2p3/2 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) 

0.01M 
N1 400.1 2.0 23.2 S1 164.0 1.8 66.7 

N2 402.1 2.0 76.8     

0.02M 
N1 400.0 2.0 21.0 S1 164.0 1.8 66.7 

N2 401.8 2.0 79.0     

0.05M 
N1 400.0 2.0 15.0 S1 164.1 1.8 66.7 

N2 402.0 2.0 85.0     

 

3.1.4 L-Methionine on Iron 

 
N 1s and S 2p spectra of L-methionine/Fe system are shown in Figure 3.4. The 

binding energy, FWHM and relative intensity values for different components are 

reported in Table 3.4. 

One unique behavior of thıs system is that, at 0.01 M solution, only one N 1s peak 

(N2) was observed. When the concentration was increased to 0.02 M, a peak with lower 

binding energy of 399.6 eV appeared (N1). Another unique behavior of L-methionine/Fe 

system is that N1 getting higher in intensity relative to N2 component with increasing 

concentration. In the S 2p region only one component (S1) was observed and binding 

energy did not change with increasing coverage. 
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Figure 3.4. High resolution N 1s and S 2p XP spectra of L-methionine/Fe. Dots 
represent the measured data and lines show the results of the fitting and 
individual components. 

 

Table 3.4. Spectral features of L-methionine on iron surface 
 

L-methionine/Fe N 1s 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) S 2p3/2 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) 

0.01M 
    S1 163.0 1.9 66.7 

N2 400.9 2.0 100.0     

0.02M 
N1 399.6 2.0 11.6 S1 163.0 1.9 66.7 

N2 401.1 2.0 88.4     

0.05M 
N1 399.5 2.0 18.6 S1 162.9 1.9 66.7 

N2 401.0 2.0 81.4     
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3.1.5 L-Cystine on Chromium 

 
L-cystine molecule is only studied for a saturated concentration on chromium 

substrate. N 1s and S 2p spectra of the system are given in Figure 3.5. The binding energy, 

FWHM and relative intensity values for different components are given in Table 3.5. 

In N 1s region, the higher binding energy component, N2, dominates the spectra 

with 77.2% relative intensity and S1 component in S 2p region has relatively higher 

binding energy compared with the other systems that we investigated. 

 

 

Figure 3.5. High resolution N 1s and S 2p XP spectra of L-cystine/Cr. Dots represent 
the measured data and lines show the results of the fitting and individual 
components. 

 

Table 3.5. Spectral features of L-cystine on iron surface 
 

L-cystine/Cr N 1s 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) S 2p3/2 

Binding 
energy 
(eV) 

FWHM 
(eV) 

Area 
(%) 

Saturated 
N1 400.1 2.0 22.8 S1 164.9 1.8 66.7 

N2 402.7 2.0 77.2     
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3.2 Literature Review 

 
Because of the importance of amino acids in different areas like medicine, food 

and drug industry, biochemistry and biotechnology, they are investigated by a lot of 

researchers from different fields. Even though there is an information gap on iron 

surfaces-amino acid and chromium surfaces-amino acid interactions, amino acid-metal 

surface interactions have been studied widely. Studies are mostly centered around of 

copper and gold substrates and L-cysteine and L-methionine amino acids. A review of 

literature is given in Table 3.6. 
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The XPS literature for L-cysteine adsorption on Au surfaces shows that the first 

layer of the molecules chemisorbs to the metal surface through their dissociated thiol 

group ( ) as thiolates ( ) 31–38. The binding energy for the S 2p3/2 level for 

this species is around 161.5–162.3 eV. Starting from the second layer onwards and in 

some cases even before the first layer is completed, a physisorbed layer with intact thiol 

groups is formed and S 2p3/2 level binding energies for these species is around 163.8–

164.4 eV31–38. Adsorption behavior for L-cysteine on Ag and Pt surfaces is similar to 

adsorption to Au surfaces, that is, the molecule binds to the surface through dissociated 

thiol group.42–44 

Interaction between L-cysteine molecules and the Cu surfaces is slightly different 

from the Au surfaces. L-cysteine also binds to Cu as thiolates but in addition to sulfur-

metal bond both amino and carboxylic functional groups interact with the surface.31,33,39–

41 In two of the studies it was showed that L-cysteine dissociated and atomic sulfur was 

observed on the surface.40,41 

The number of XPS studies is for L-methionine is quite small compared with the 

studies for L-cysteine. The literature shows that L-methionine often adsorbs to different 

surfaces through more than one functional group40,41,45,46 and  bond scission 

efficiencies and  bond formation upon adsorption depend on the material and 

surface orientation. On Au(111) surface, L-methionine (and its enantiomer D-

methionine) molecules stay intact and form rows of dimers. For this particular surface, it 

seems that intermolecular interactions are stronger than the molecule-surface 

interactions.48 But on some surfaces, for example Cu(110)40,  bond breaks easily 

and  bond is formed. 

Best to our knowledge there are only two XPS studies concerning the adsorption 

of L-cystine: one on Cu(110)40 surface and the other is on Pyrite(100) surface.50 On 

Cu(110) surface disulfide bond ( ) breaks and the molecule adsorbs onto the surface 

as thiolates.  

The results for amino groups for all three sulfur containing amino acids are rather 

different. Some researchers observed only protonated amino groups ( ) for 

molecules on the surface31 whereas some other researchers observed both protonated and 

neutral amino groups ( ) for sub-monolayer and monolayer coverages.33 On 

Cu(110) surface zwitterions are formed by only L-cysteine molecules while for both L-

methionine and L-cystine neutral molecules are observed.40 Although, the amount of both 
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species differ depending on coverage and the substrate, one common point is that both 

species are often observed on different surfaces for different coverages. The N 1s binding 

energies for the neutral amino groups are in 399.2–400.8 eV range and for protonated 

amino groups reported N 1s binding energies are in the range of 401.2–402.3 eV. 

There are four XPS studies in literature that are concerned with similar question 

as we did. In the following paragraphs we discuss their results. 

Firstly, Abdou et al44 studied the adsorption and thermal stability of L-cysteine on 

of Pt (111), FeO(111)/Pt(111) and Fe2O3(111)/Pt(111) surfaces. In line with literature, 

the authors observed two components in the S 2p region. They assigned 164.0 eV 

component to intact thiol groups and 162.0 eV with dissociated thiols attached to the 

surface. For the N 1s measurement the authors also observed two components; the 

component with 400.0 eV binding energy is assigned to  groups and the component 

with 401.5 eV binging energy to  groups. 

After multilayer measurement of L-cysteine, they studied monolayer L-cysteine 

on Pt{111} surface and investigated the change in spectra with temperature. The initial 

deposition of L-cysteine was made at 160 K. At this temperature, L-cysteine stayed intact 

on Pt{111} surface. Partial deprotonation happens on amino group. The interaction 

between L-cysteine and the surface is happening without breaking bonds on amino acid. 

After that, temperature was increased and higher temperature measurements were made 

to study thermal stability. L-cysteine shows decomposition on room temperatures. 

Dehydrogenation, decarboxylation, decarbonylation and deamination were observed. The 

interaction between Pt{111} surface and L-cysteine mainly happen by carboxylate and 

amino groups on room temperature. The second substrate FeO(111)/Pt(111) has been 

reproduced by monolayer coverage of Pt{111} surface. When monolayer L-cysteine at 

this surface investigated at low temperature it has been observed spectra stay similar to 

multilayer L-cysteine and it has been suggested that L-cysteine stays intact and absorption 

is happening in molecular form. When temperature was increased up to the room 

temperature, C 1s signal on 289 eV lost and a new S 2p 162 eV signal has been formed. 

This change was interpreted as the FeO and thiolate group interaction. And finally, for 

Fe3O4 (111)/Pt(111) surface four cycle of coverage has been applied. FeO layer has 

reached to 8 nm thickness. Pt(111) surface effect on L-cysteine is negligible for this 

system. Even on low temperature 162 eV S 2p peak appeared. Thiol binding is enhanced 

compared to FeO (111)/Pt(111). For this surface, main adsorption group is carboxylate 

and thiol group is binding to surface from defects. 
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In two different studies, Park et al 45 and Yang et al46 have studied L-cysteine and 

L-methionine on Ge(100) surface. In both studies, the spectral changes were compared 

for different coverage values. At L-cysteine case at low coverage, bonds C and H with S 

break and atomic sulfur forms. Hydrogen atom makes bound with C and they form . 

Amine and carboxyl groups also play role in the adsorption. For the L-methionine case 

no bond breaking was observed on the thiol group and  adsorbs as a whole to the 

Ge (100). While it is observed that O-H dissociation -N dative bond and -S dative bond 

are formed. 

Finally, Kim et al 51 have investigated the sulfur containing amino acids L-

cysteine, L-methionine and L-cystine on Cu(110) surface. For the L-cysteine Cu(110) 

surface system it was observed that L-cysteine rearranges its binding sites with coverage 

amount. Rearrangement was observed on the L-cysteine on Cu (110) system, depending 

on coverage. Similar to Cu(531) surface at low coverage all functional groups of L-

cysteine molecule are attached to the surface. When coverage increases one of the thiolate 

or carboxylate gains a H atom and loses its bond to the surface. At high populations only 

thiol group stays adsorbed to the surface. On the other hand, L-methionine and L-cystine 

form a stronger sulfur bond and amino or carboxylic group show no zwitterionic form. 

 

3.3 Discussion 

 
For every molecule-substrate system we studied we observed two components in 

the N 1s region. The low binding energy component was marked as N1 and the high 

binding energy component was marked as N2. The binding energy values for all N1 

components (399.5-400.5 eV) were within the range that is reported in literature (399.2-

400.8 eV) for amino groups ( ) of amino acids. Therefore, we assign N1 component 

to amino groups. However, the binding energy values for N2 components are within the 

literature values (401.2-402.3 eV) for protonated amino groups ( ) only for L-

methionine/Cr (401.8-402.1 eV) system. The binding energy values for L-cystine/Fe 

(402.2-402.6 eV) and L-cysteine/Cr (402.3-402.9 eV) start from values close to literature 

values but shift to higher energies with increasing coverage. For L-cystine/Cr system N2 

binding energy (402.7 eV) is slightly higher than the literature values. On the contrary, 

for L-methionine/Fe system N2 binding energy values (400.9-401.1 eV) are lower than 

the literature values. 
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The relative quantities for N1 and N2 species are different for different systems. 

For L-cysteine/Cr and L-methionine/Cr systems the relative amount of N2 component is 

higher and it increases with coverage. The increase in relative amount of N2 component 

with coverage is also observed for L-cysteine/Fe system but the relative amount of N1 

component stays higher than N2. L-methionine/Fe system is completely different from 

all other cases in that there is no N1 component for the lowest coverage and as the 

coverage increases N1 components shows up and goes higher in relative intensity. For L-

cystine/Cr system relative amount of N2 component is higher than N1 component but we 

cannot comment on the effect of coverage on relative intensities because we only 

performed one measurement for single coverage value. 

In S 2p region we observed a single component, marked as S1, for all systems 

except L-cysteine/Fe. For the highest coverage we studied, a high binding energy 

component, marked as S2, appeared in S 2p spectrum of L-cysteine/Fe system. 2p3/2 

binding energy values for S1 component of L-cysteine/Fe system (163.9 eV) fits with 

literature values reported for intact thiol ( ) species. However, the binding energy for 

S2 component (166.0 eV) is higher than any binding energy value reported for amino 

acid/metal studies. For L-cysteine/Cr system the binding energy for S1 component 

(164.4-165.1 eV) starts from a value similar to thiol species but shifts to higher binding 

energies with increasing coverage (same behavior is observed for N2 component). The 

S1 components for both L-methionine/Cr system (164.0 eV) and L-methionine/Fe system 

(163.0 eV) fits with literature values for ( ). 

In literature (Table 3.6) binding energy of the S 2p peak for sulfur atoms bonded 

to metal surfaces are in 161.5-162.3 eV range and we do not observe any signal in that 

binding energy region. This could be explained in two ways. One explanation is that 

molecular layers are so thick that photoelectrons from the molecule-surface interface 

cannot reach to the analyzer. However, we can dismiss this explanation right away 

because for all preparations we observed a signal from the elements of the substrate (Cr 

2p Fe 3p, not shown). The other more likely explanation is that adventitious carbon and 

oxide layers partly or completely cover the metallic substrate so that molecules can 

interact with small number of metal atoms or do not have access to metal atoms at all. 

Nevertheless, different amino acids show different behavior on different substrates. 

For the L-cysteine/Cr system both N1 and N2 components in N 1s region and S1 

component in S 2p region shift to higher binding energy with increasing coverage. This 

can be explained as a final state effect in photoemission. We can speculate that as the 
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thickness of the molecular layer increases, the layer transforms into a more insulating 

character so that the core hole created by photoemission is not perfectly screened. This 

causes photoelectrons to be attracted to the core hole and a decrease in kinetic energy, 

that is, an increase in binding energy. Therefore, in line with literature, we assign N1 peak 

to , N2 peak to  and S1 peak to  groups. 

For the L-cysteine/Fe system we only studied 0.01 M and 0.02 M concentrations. 

The most interesting observation for this system is the 166.0 eV binding energy 

component in S 2p region which has not been observed before in any amino acid-metal 

studies. However the binding energy is close to the value reported for  species by 

Lindberg et al.52. It could be the case, above a certain threshold concentration there is an 

oxidation mechanism for the L-cysteine/Fe system together with the water solvent. The 

binding energy of the S1 component is in line with the literature values for  species 

and accordingly we assign S1 component to intact thiol group of the molecules. The other 

interesting observation is for N2 component in N 1s region in that although binding 

energy for both N1 and S1 components does not change, N2 component shifts to higher 

binding energy with increasing coverage. This cannot be explained as a final state effect 

as in the case for L-cysteine/Cr system because such an effect would cause all peaks to 

shift to high binding energy. One reasonable explanation could be that another amino 

related species with high binding energy emerges for the last concentration. However as 

of now we do not have an explanation for this observation. 

For L-methionine/Cr system binding energies of the two components in N 1s 

region fit perfectly with literature values for to  and  species. Therefore, we 

assign these components to amino and protonated amino species. The S1 component in S 

2p region also fits with the value reported by Humblot et al.48 for intact  species. 

For this system we did not observe any shift in binding energy of the any components. 

We observed two interesting points for L-methionine/Fe system. First interesting 

observation is that in the N 1s region there is only one component, N2, with binding 

energies values in line with  species. Starting from the second higest coverage N1 

component emerged and increased in relative intensity compared to N2 species. The 

binding energy is in line with literature values for . Best to our knowledge such a 

behavior is observed for the first time. The more common observation is the opposite one, 

that is,  species increase with coverage compared to . The second 

interesting point related to the binding energy for the S1 components for L-methionine/Cr 
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and L-methionine/Fe systems. For both systems the S1 component is assigned to  

species in line with literature. However, there is approximately 1 eV difference in binding 

energy between two components. We speculate that for L-methionine/Cr system, where 

163.0 eV binding energy S1 component is observed, sulfur atom of the intact  

group forms some kind of coordination bonding with Cr atoms of the surface.  

For L-cystine/Cr system we could only study one coverage, saturated solution, 

with one substrate, chromium. Similar to the other systems we observed two components 

in N 1s region and assigned N1 component to  and N2 component to  

species. The only sulfur component S1 has a relatively higher binding energy 165 eV 

which we assign intact disulfide ( ) bonds of the cystine molecule. 
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CHAPTER 4 

 

CONCLUSIONS 

 
We have studied adsorption of three sulfur-containing amino acids, L-cysteine, L-

methionine and L-cystine from solution with three different concentrations on two 

different substrates, iron and chromium. The polycrystalline Fe and Cr substrates had 

certain amount of carbon and oxygen contamination due to exposure to ambient 

conditions. We did not try to clean the substrates because our aim was to study ex situ 

molecule adsorption. 

For L-cysteine molecules on Cr and Fe substrates we observed intact thiol groups, 

amino groups and protonated amino groups on the surface. In S 2p region of the L-

cysteine/Fe system for the highest concentration of solution we observed a high binding 

energy component which is assigned to  species. This kind of oxidation process has 

not been reported before in any XPS study for amino acid-surface interactions. In the N 

1s region of the same system a component on the higher binding energy side of protonated 

amino groups may be emerging but as of now we do not have an explanation for this 

species. 

Similar to the case for L-cysteine adsorption, for L-methionine molecules on Cr 

and Fe substrates we observed intact thiol, amino and protonated amino groups on the 

surface. There is an approximately 1 eV difference in S 2p binding energies for  

species for L-methionine molecules on different substrates. We speculate that the low 

binding energy component, that is for L-methionine/Fe system, corresponds to intact 

 groups interacting with metal atoms on the surface. Another interesting 

observation for L-methionine/Fe system is the increase in relative intensity of amino 

groups compared with protonated amino groups with increasing coverage. In literature 

only the opposite behavior is observed. 

For L-cystine/Cr system, similar to previous systems, amino and protonated 

amino groups together with intact disulfide bonds are observed on the surface. 

We did not observe any signal from sulfur metal bond. We explain this as a result 

of adventitious carbon and oxygen species on the surface. We suggest that the molecules 
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have little or no access to metal atoms on the surface because of carbon any oxygen 

contamination. However, different substrates caused some differences for sulfur 

containing amino acid adsorption. 
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